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Abstract
The mitochondria are known as the powerhouse of the cell, and just like a real
powerhouse, it can be a dangerous place to store sensitive information. Energy generation and
redox reactions in the mitochondria can cause damage to the DNA stored there, resulting in a
higher mutation rate. Compared to their animal counterparts, however, plant mitochondria
exhibit a lower mutation rate and a higher recombination rate. It is hypothesized that the unique
DNA repair methods present in plant mitochondria are responsible for the phenomena observed
there. To study the mechanics of DNA-repair in this organelle, however, researchers must be
able to generate knockout mutants of the nuclear genes encoding mitochondrial repair proteins.
This study addresses the need for efficient mutant generation in plant mitochondrial repair
proteins using the CRISPR-Cas9 system to generate knockouts. The gRNA sequences targeting
exons in mitochondrial genome maintenance proteins were ligated into the pEN entry vector and
then transferred to the pMR333 destination vector containing the Cas9-protein sequence. The
pMR333-gRNA plasmid was introduced to A. tumefaciens using electroporation and A. thaliana
plants were transformed using the floral dip method. Transformed plants were identified using
the BlpR gene present in the plasmid which confers resistance to the herbicide BASTA. PCR and
sequencing demonstrated the successful knockout mutation of a mitochondrial DNA-repair
protein, MSH1. Future research will utilize CRISPR-generated mutants and double-mutants to
investigate the plant mitochondrial genome’s reliance on Double-Strand Break Repair methods.
Introduction:
Plant mitochondrial genomes exhibit many strange phenomena. First, they are large in
comparison to animal mitochondria and their size can vary drastically among closely related
plants (Ward 1981). Silene conica is an exceptional example with a mitochondrial genome
11,318Kb in size, larger that most bacterial genomes and some nuclear genomes. Though not
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quite so massive, the typical plant mitochondrial genome is still much larger than expected for
the organelle at around 200-500Kb. The coding regions of these genomes are consistently small,
however, indicating that a proliferation of non-coding DNA is responsible for the expansion
(Sloan et al 2012). In addition. it is generally expected that oxidative energy generation in the
mitochondria will lead to a higher rate of mutation in this organelle. While this is true in animals,
plant mitochondria have a lower point mutation rate than either chloroplasts or the nucleus
(Palmer and Herbon 1988). That is not to say that the plant mitochondrial genome is incredibly
stable, however. The slow sequence evolution of plant mitochondria is contrasted by their rapid
structural evolution in the form of dynamic rearrangements. (Palmer and Herbon 1988). It is
hypothesized that these two phenomena are a result of the unique DNA repair methods found in
plant mitochondria. While many organisms rely on nucleotide excision repair and mismatch
repair pathways to maintain a stable genome, these pathways are absent in plant mitochondria.
Instead, there is evidence that many types of DNA damage are funneled through double-strand
break repair (DSBR) pathways (Wynn et al. 2019). Another strange phenomenon in plant
mitochondria can be explained by this hypothesis. It has been observed that, while the overall
mutation rate measured in genes is low, non-gene regions seem to evolve so rapidly that they can
rarely be aligned. One hypothesis suggests that different repair systems act on these sequences,
most likely through transcription-coupled repair (Christensen 2013). Problematically, however,
evidence of this kind of system has not been discovered in plant mitochondria (Christensen
2013). A reliance on DSBR offers a different solution to this problem. After a double strand
break is initiated, several different repair pathways can act on the two fragments. While some of
these are remarkably accurate, others are not. In gene regions, DNA that is inaccurately repaired
is subject to negative selection and that mitochondrion can be eliminated from the gene pool. In
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non-coding regions, the changes are much less likely to be deleterious and will tend to remain in
the population (Christensen 2014).
To learn more about plant mitochondrial DNA repair mechanisms, it is necessary for us
to create mutants in DNA repair genes and observe how mutation and recombination rates
change as a result. Additionally, analysis of double mutants will give key insights into the
reliance on DSBR. If this hypothesis is correct, a knockout mutation of one DNA repair gene,
such as Uracil-N glycosylase (UNG), will not create a significant increase in the rate of mutation
as DNA damage can be funneled into the DSBR pathway. A double knockout with a gene
involved in DSBR, however, should increase the mutation rate above what is observed with only
the DSBR mutant. While T-DNA mutants of these genes are widely available, there are several
issues that make CRISPR-knockouts desirable. First, many of the genes involved in
mitochondrial DNA repair are located close together on chromosome 3 of the Arabidopsis
nuclear genome (Elo et al 2003). Generating double-mutants by crossing T-DNA insertions is
problematic, then, because the cross-over event that would produce a double-homozygote is
much less likely than predicted by independent assortment. In addition, T-DNA insertions can be
associated with knock-down effects rather than a true knockout (O’Malley et al. 2015). The
goal of this project is to address this need by using the CRISPR-Cas9 system to create knockout
mutants of four different genes in Arabidopsis thaliana. CRISPR-Cas9 constructs targeted four
genes involved in mitochondrial genome maintenance. MSH1 is a homolog of the Mut-S protein
in E. coli, which performs recombinational maintenance (Abdelnoor 2003). It has been
hypothesized that MSH1 binds to DNA lesions in plant mitochondria and generates doublestrand breaks(DSBs) to funnel these damaged fragments to DSBR (Christensen – Genes and junk
2014, Mito DNA Repair 2018). Isolation of an MSH1 knockout mutant was accomplished in this
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study, laying the groundwork for the other three mutational lines. RECA3 is another protein
known to be involved in recombinational repair in plant mitochondria (Shedge 2007). The gene
SUV3 was identified in a previous screen for mutants unable to repair double-strand breaks.
SUV3 and RNAseH1B work together to resolve DNA:RNA hybrids in yeast (Dziembowski
2003), leading us to include the latter gene as well. Future studies will investigate knockout
mutants of these two genes to determine whether they play a similar role in plant mitochondria.
CRISPR-CAS9 will be used to construct knockout mutants in A. thaliana. It is a system
used by bacteria and archaea to eliminate viral DNA from the genome, making double stranded
breaks at specific sites. By changing the crRNA guide sequence, researchers can direct the
nuclease to different sites to conduct gene editing and knockout generation (Jinek et al 2012).
CRISPR has shown a remarkable versatility in its applications, functioning in a wide variety of
organisms. The relative simplicity of the system has made it a popular alternative to ZFN and
Talen gene editing (Pennisi 2013). Further investigation of these four genes will analyze the
mutation and recombination rates of their knockout mutants, uncovering more details about
DSBR in plant mitochondria.
Results:
Construction
To generate CRISPR-gRNA constructs that could be used to create deletions in A.
thaliana, plasmids were first assembled by ligating gRNA oligonucleotides into the entry vector
pEN-Chimera. For each gene, a fragment around 300bp containing 2 target sites flanked by
tRNA processing sequences was synthesized. Each gRNA oligonucleotide was ligated into pENChimera in a separate reaction, establishing 4 distinct mutational lines. Primers flanking the
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insertion sites in pEN-Chimera allowed for confirmation of successful ligation via PCR and gel
electrophoresis. The size of the band produced by this PCR matched what was expected for the
pEN-gRNA product and the insertion was confirmed.
Because the primers used to detect the insertion of the gRNA were backbone-specific,
sequencing was necessary to confirm that the orientation and sequence of the insert was correct.
The DNA fragment isolated using PCR was sent in for sequencing using Eurofins tube
sequencing service. BLAST comparison of the sequencing data matched the predicted sequence
for the pEN-gRNA product.
The LR Clonase reaction was then used to ligate a fragment from the pEN-gRNA
construct into the pMR333 destination vector. This fragment contained the original gRNA
oligonucleotide along with the U6-26 promoter, used to drive transcription of the sequences in A.
thaliana. In a procedure similar to the initial ligation step, two primers, flanking the insertion
site, were used to confirm successful integration of the sequence. The product of the LR Clonase
reaction was grown up in E. coli and the isolated plasmid was used in PCR and gel
electrophoresis. After confirming that the fragment size matched the expected pMR333-gRNA
plasmid, the fragment was again sequenced using the Eurofins tube sequencing service. BLAST
analysis showed that the resultant sequence matched what was expected for the successful
ligation into the pMR333 destination vector.
Transformation
A. tumefaciens was used to introduce the CRISPR-Cas9 Construct to the reproductive tissue
of A. thaliana plants. A sample of electrocompetent A. tumefaciens was transformed using
sequenced plasmid DNA and plated on selective media, resulting in several colonies of
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transformed bacteria. To further confirm the presence of the full construct, a colony PCR was
conducted with the same set of primers used in the previous ligation step. The resultant fragment
matched the band produced by the pure pMR333-gRNA plasmid. The same colony was used to
inoculate progressively larger liquid cultures for use in the Arabidopsis floral dip procedure.
After performing the floral dip procedure using transformed A. tumefaciens cultures, T0 seeds
were collected and screened for the presence of the pMR333-gRNA transgene. T0 seeds were
planted in soil and sprayed with the herbicide BASTA (glufosinate ammonium), which is
harmful to untransformed A. thaliana, not containing the BlpR gene present in pMR333. T0
plants exhibited yellowing and stunted growth after three applications of BASTA. Fifteen days
and five BASTA applications yielded a clear distinction between transformed and untransformed
plants, as shown in Figure 1. Plants transformed with the pMR333-Msh1 construct yielded a
transformation rate of about 2%.
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Processing
DNA was extracted from BASTA-resistant T0 plants and the transformation was
confirmed using PCR and gel electrophoresis, as shown in Figure 2A. The same primers used
previously to recognize the pMR333-gRNA plasmid in A. tumefaciens were used to detect the
transgene in A. thaliana. One plant from the MSH1-gRNA line showed resistance to BASTA
and, after DNA extraction and PCR, produced a band indicative of successful transformation.
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The deletion in MSH1 was confirmed using PCR and gel electrophoresis followed by
sequencing. A pair of primers flanking the two cut sites were designed to distinguish wildtype
and deletion mutants. It was expected that a successful deletion would yield a band around
650bp, while the wildtype would produce a band around 1.5 Kb. Analysis of DNA from the
MSH1-gRNA transformant resulted in a single 650bp band. As shown in Figure 2B, sequencing
of this fragment matched the wildtype MSH1 sequence, with a deletion of 831bp between exon 7
and exon 10, as expected from the gRNA target sequences.
T1 seeds were collected and analyzed using fluorescent microscopy to separate MSH1
deletion-mutants with and without the pMR333 transgene. The seedcoat expressed GFP present
in the transgene caused those seeds with 1 or 2 copies of the gene to glow under a fluorescent
microscope. T1 seeds showed a 3:1 segregation pattern, with about ¼ of the seeds showing no
fluorescent activity. Some seeds showed a weaker fluorescence that could be attributed to a
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heterozygous GFP transgene, but the effect was not strong enough to confidently distinguish
between heterozygotes and homozygotes. Seeds were separated into GFP+ and GFP- groups for
further analysis.
T1 seeds were then grown to isolate MSH1 deletion mutants homozygous for the
presence and absence of the pMR333-gRNA transgene. DNA was collected and PCR was
performed using one set of primers to detect the pMR333 transgene and another to detect the
MSH1 deletion. DNA from all T1 plants resulted in a single 650bp band when using the primers
flanking the deletion site, indicating that they were all homozygous for the deletion. All GFP(-)
seeds resulted in plants that showed no band using the pMR333 primers. Seeds were collected
from these plants for use in future experiments. DNA collected from GFP(+) plants was analyzed
using transgene specific primers with a majority resulting in a band indicative of at least one
copy of pMR333. Seeds were collected from those plants that had pMR333 present and each
batch of seeds was analyzed using fluorescent microscopy to determine whether the parent had
been heterozygous or homozygous for the pMR333 transgene. Using this technique, MSH1
deletion mutants with a stable pMR333-gRNA transgene were isolated.
Discussion:
While CRISPR-Cas9 has proven to be a uniquely versatile tool in the molecular
biologist’s arsenal, it was not clear that this would be the optimal method to create DNA-repair
mutants in Arabidopsis thaliana. Some issues had the potential to interfere with the development
of these mutants. First, certain CRISPR-Cas9 constructs have been observed with an unusually
high frequency of off-target cutting. The gRNA sequences are generally scored based on their
similarity to other parts of the genome prior to use in a CRISPR-Cas9 construct. Sequences with
the lowest similarity to other parts of the genome are desirable because they are less easily
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mistaken for an off-target site. For unknown reasons, certain gRNA sequences are scored as
highly specific, yet produce a high number of off-target mutations (Zhang et al 2018). This is a
concern for any genetic engineering project, but more so when the eventual goal of the project is
to analyze recombination and mutation rates. There is evidence, however, that CRISPR-Cas9
exhibits much higher specificity in Arabidopsis than in other systems due to the low expression
rate of the Cas9 protein (Peterson et al 2016). In addition, current studies suggest that off-target
mutations would still be limited to a small number of sequences most similar to the original
target (Zhang et al 2018). Considering these factors, we thought it unlikely that off-target cutting
would occur on a magnitude that would affect further experiments. Without whole genome
sequencing, however, it is difficult to assess whether any off-target mutations have occurred.
Future experiments may seek to quantify any off-target effects in the MSH1 deletion line, but
this was considered outside the scope of the project. In addition to off-target cutting, the
persistence of the CRISPR transgene in plants has proven troublesome in other labs, especially
those looking to market genetically engineered agricultural products (Aliaga-Franco et al. 2019).
While the difficulties involved in crossing nearby T-DNA mutants can make CRISPR-knockouts
desirable, transformation using A. tumefaciens could still result in a CRISPR-transgene inserted
in proximity to the targeted knockout. In this situation, the knockout mutation and the transgene
insertion would not assort independently, creating a new problem with crossing plant lines and
eliminating one of the major advantages of the CRISPR-method. In our experiments, PCR and
fluorescent microscopy suggested that transgene-free knockout mutants were isolated
successfully. This is a good cause for optimism for the former issue as well, as Zhang et al.
suggest that quick segregation of CRISPR-free mutants can also lower the chance of off-target
mutations in A. thaliana (2018). While these problems were not encountered, this project did
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show some inefficiencies in the transformation of Arabidopsis thaliana using the A. tumefaciens
floral-dip procedure and the subsequent BASTA selection. Of the four CRISPR-constructs
generated, only one initially produced BASTA resistant T0 plants. The time required for BASTA
selection meant that it took longer than a month to know if the floral-dip procedure would need
repeating.
In continuing this project, we hope to isolate additional CRISPR-knockouts in the
remaining three mutational lines. In addition, it will be beneficial to perform a TAIL-PCR
procedure to locate the insertion site of the pMR333-gRNA transgene in A. thaliana. After
completing these steps, double mutants can be constructed by crossing existing mutant lines with
those knockout mutants still containing the CRISPR plasmid. Finally, analysis of these single
and double knockout mutants will use mutational and recombinational data to give key insights
into the nature of DSBR in plant mitochondria.
Materials and Methods:
Assembly of pEN-gRNA constructs
Constructs were assembled by first ligating DNA fragments containing gRNA sequences
corresponding to each target site, MSH1, RECA3, SUV3, and RNaseH1B into the pEN-1 entry
vector using New England Biolabs Golden Gate Assembly (E1601). Four reactions were used to
establish distinct mutational lines for each gene target. The oligonucleotide was inserted between
two BbsI sites on the plasmid, as shown in figure 3. The insertion site was positioned directly
downstream from a U6-26 promoter, which allows for efficient transcription of snRNA in A.
thaliana (Li et al 2007).
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A sample of chemically competent Top10 E. coli was transformed by this plasmid and
the resultant bacteria were plated using the streak plate technique to produce isolated colonies.
The AmpR gene found in the pEN-gRNA construct allowed us to use a 100 µg/mL ampicillin in
plates and liquid cultures of E. coli to restrict growth of those bacteria not transformed by the
construct. After an overnight incubation at 37℃, a sterile toothpick was used to take a sample
from an isolated colony which was used in a colony PCR. The primers pEN F1-R1, located
around the insertion site, were used (See Fig 4). For all PCR steps, the reaction was carried out
using the Phusion High-Fidelity DNA Polymerase(F530S), following the standard 50µL reaction
procedure from ThermoScientific. The ThermoFischer Tm calculator was used to determine the
proper annealing temperature for each primer pair. Gel electrophoresis was then carried out to
confirm the size of the isolated fragment using a 2% agarose solution at 90V. After 40 minutes,
the gel was imaged under UV light and the Invitrogen 1Kb Plus ladder was used to determine the
approximate size of the band. Once the presence of the plasmid was confirmed, the sampled
colony was used to inoculate 6 mL liquid LB + Ampicillin and incubated to grow up sufficient
quantity of the pEN-gRNA plasmids. The ThermoScientific Plasmid Miniprep (K0502) was used
to isolate plasmid DNA from the liquid cultures. The Eurofins tube sequencing service was used
to confirm the identity of the plasmid before proceeding. Samples and sequencing primers were
prepared according to the guidelines provided by Eurofins and these solutions were sent via mail
for analysis. Sequencing primers were located around the gRNA insertion site as shown in figure
3, allowing us to analyze the full gRNA along with a small portion of pEN-chimera flanking this
site. The BLAST search tool was used to compare the resultant sequence files to the expected
sequences for the pEN-gRNA construct.
Ligation into pMR333 destination vector
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The Invitrogen LR-Clonase protocol was followed to ligate a section from the pEN-gRNA
construct into the pMR333 destination vector. This reaction transferred the entire sequence
between AttL1 and AttL2 as shown on Figure 3, including the gRNA and U6-26 Arabidopsis
promoter. The pMR333-gRNA constructs were then used to transform chemically competent
Top10 E. coli, as in the first construction step. Transformed bacteria were plated on LBA, again
using the streak plate method. As pMR333 contained the spectinomycin resistance gene SmR, 50
µg/mL of this antibiotic was used in plates and liquid cultures to isolate only transformed
bacteria. The presence of the full plasmid in an isolated colony was again verified via colony
PCR, this time using pMR F1+R1 primers flanking the insertion site as shown in Figure 4.

Transformation of Arabidopsis
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A transformed colony of E. coli was again used to inoculate a liquid culture of LB to grow up
sufficient plasmid for the transformation of A. tumefaciens. The plasmid DNA was collected
using the same Miniprep kit and introduced to Agrobacterium using electroporation. After a
recovery period in SOC media, the transformed A. tumefaciens cultures were grown up in
successively larger cultures of Liquid LB for use in the floral dip procedure. The antibiotics
rifampicin (100 µg/mL), gentamycin (50 µg/mL), and spectinomycin (50 µg/mL) were used in
plates and liquid cultures of A. tumefaciens to restrict the growth of untransformed Agrobacteria
and other unwanted species. Young Arabidopsis plants, with a large number of buds but few
siliques were selected for use in the floral dip procedure using the transformed A. tumefaciens
culture (Davis et al. 2009).
Isolation of successful transformants
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T0 seeds were collected from the floral-dipped plants and grown to isolate those plants
successfully transformed with the pMR333-gRNA construct. The BlpR gene present in the
plasmid, as shown in Figure 4, confers resistance to the transformed plants, allowing them to
survive contact with BASTA (glufosinate ammonium). T0 seeds were planted with 15-20 seeds
per pot in a tray of 6 pots and germinated under normal conditions for A. thaliana. Starting 3-5
days after germination, plants were sprayed every 2-3 days with a 300µM solution of BASTA.
Transformants were identified by the yellowing of leaf tissue and stunted growth on nontransformed plants.
DNA was collected from BASTA resistant plants using the CTAB method (Allen et al.
2006) to confirm the transformation and knockout of MSH1. The primers pMR-F1+R1 were
located within the region between the LB and RB T-DNA repeat in pMR333 as shown in figure
4, meaning that the primer binding sites would be integrated into the A. thaliana nuclear genome
along with the rest of the CRISPR machinery during the floral dip. Because of this, it was
possible to use the same primers to detect the presence of the transgene in plants. After
confirming the presence of the CRISPR-plasmid, primers flanking the two cut sites, MSH1
CF3+CR3, were used in a PCR to analyze whether the knockout was performed successfully. As
shown in figure 2, these primers would produce a fragment around 1.5Kb using wildtype DNA,
and a 650bp fragment when the deletion is present. After the knockout was confirmed using
PCR, the isolated fragment was sequenced, again using the Eurofins tube sequencing service, to
confirm the identity of the band and to ensure that the cut sites matched what was expected given
the CRISPR target sequences.
Isolation of CRISPR-free knockout mutants
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To isolate knockout mutants with and without the pMR333+gRNA transgene, fluorescent
microscopy was used to identify and separate T1 seeds expressing a seedcoat GFP present in the
plasmid. T1 seeds were first collected from the sequencing-confirmed knockout mutants. These
seeds were observed using the Nikon SMZ25 stereo fluorescence microscope and sorted based
on the presence of the green fluorescence. GFP(+) and GFP(-) T1 seeds were germinated and
DNA was collected from the young plants using the CTAB method (Allen et al. 2006). PCR and
gel electrophoresis using pMR F1+R1 and deletion site CF3+CR3 primers was used to identify
homozygous knockout mutants with and without the pMR333+gRNA transgene.
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